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1.2.2 Policy and market drivers 
	The	second	challenge	is	the	relative	absence	of	policy	or	market	drivers	in	the	UK	that	might	encourage	increased	industry	activity	and	improvements	in	embodied	carbon	estimation	methods	in	a	way	similar	to	the	role	of	building	regulations	in	stimulating	measurement	of	operational	carbon	by	setting	thermal	efficiency	standards	for	building	fabric	(Ibn-Mohammed	et	al,	2013).	It	is	relevant	therefore	to	explore	both	the	barriers	and	the	drivers	in	construction	policy	and	markets	that	can	stimulate	or	hinder	practice	on	embodied	carbon	estimation.	Without	such	an	investigation	it	cannot	be	assumed	that	any	improved	estimation	methods	would	be	used	by	practitioners.		




1.3 Relevance to the construction industry 	The	practical	limitations	around	embodied	carbon	estimation	also	represent	further	challenges.	To	achieve	the	aspirational	goals	of	‘resource	efficiency’	and	the	‘circular	economy’,	(EEA,	2016)	would	entail	extending	the	definition	of	a	‘zero	carbon’	building	beyond	the	operational	phase	of	building	life	to	include	embodied	emissions.	This	in	turn	would	require	reliable	data,	metrics	and	tools	to	measure	these	embodied	emissions.	This	offers	an	opportunity	for	innovative	research	to	make	a	difference	to	the	ability	of	the	construction	industry	to	address	carbon	emissions	more	holistically.		The	industrial	sponsor,	AECOM,	has	supported	this	research	as	a	direct	consequence	of	its	work	in	addressing	embodied	carbon	and	resource	efficiency	in	the	built	environment.	The	most	recent	example	of	this	work	has	been	the	CIBSE	technical	memorandum	on	‘Resource	efficiency	of	building	services’	(CIBSE,	2014a).	And	as	discussed	later	in	section	2.3	of	the	literature	review,	estimation	of	embodied	carbon	can	be	used	as	a	proxy	to	measure	progress	towards	several	activities	associated	with	making	the	built	environment	more	environmentally	resource	efficient.		To	meet	these	challenges,	it	will	be	critical	that	the	metrics	underlying	any	tools	used	to	estimate	embodied	carbon	for	practitioners	working	with	building	services	systems	address	uncertainty,	whether	the	tools	are	manual	reference	guides	(RICS,	2010,	2014,	2017)	or	software	solutions	(Etool,	2018).	The	definition	of	uncertainty	and	how	it	might	be	addressed	with	respect	to	the	research	problem	is	explored	in	more	detail	in	the	literature	review	in	the	next	chapter.						
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1.5 Research topics needing further investigation 	In	Figure	1.2,	the	background	to	the	research	problem	as	described	so	far	is	illustrated.	Four	key	concepts,	shown	by	the	numbered	text	boxes,	describe	background	topics	that	influence	the	processes	and	outcomes	of	measuring	carbon	emissions	associated	with	building	services.	These	are	global	drivers;	UK	drivers	and	barriers	influencing	construction	industry	practice;	calculation	methods,	data	and	tools;	and	decision-making	in	building	design.	The	three	text	boxes	placed	below	the	concepts	numbered	2-4	summarise	areas	in	the	research	literature	requiring	further	investigation	with	respect	to	embodied	carbon	and	building	services.	Each	of	these	topics	has	informed	one	or	more	of	the	research	objectives	of	this	study.	Topic	2	informs	the	first	research	objective,	topic	3	informs	the	second,	third	and	fifth	research	objectives	and	topic	4	informs	the	fourth	and	fifth	research	objectives.		
	
Figure 1-2: Research topics needing further investigation	
	
































2   Literature Review 	
2.1 Introduction 	This	chapter	presents	a	review	of	literature	forming	the	knowledge	base	for	the	project	background	and	identifies	the	topics	within	the	problem	space	that	require	further	investigation.	The	chapter	begins	with	a	review	of	the	background	to	the	research	problem,	after	which	a	critical	review	follows	of	theoretical	and	practical	aspects	of	the	research	problem	within	the	relevant	research	literature,	both	industrial	and	academic.	Consideration	is	then	given	to	the	theoretical	challenges	entailed	in	addressing	these	topics,	ending	with	a	summary	of	areas	covered,	showing	how	the	study	objectives	are	focused	on	the	key	topics	of	inquiry	being	examined.		
2.2 Policy context for embodied carbon 	This	section	considers	firstly	the	policy	arguments	for	measurement	and	reduction	of	embodied	carbon	in	the	built	environment	and	secondly	the	current	state	of	public	policy	as	implemented	in	this	area.		




















2.3 Embodied carbon, resource efficiency and the circular economy 	An	understanding	of	resource	efficiency	and	the	circular	economy	as	aspirational	goals	in	the	design	of	building	services	systems	helps	explain	the	relevance	of	being	able	to	measure	embodied	carbon	in	these	systems.		Building	services	engineering	aims	to	‘provide	a	safe	and	healthy	environment	in	which	people	can	live,	work	and	achieve’	(CIBSE,	2017)	and	the	types	of	services	covered	are	illustrated	in	Figure	2.1.		The	rationale	for	considering	resource	efficiency	of	these	services,	as	set	out	by	the	project	sponsor,	is	that	the	concept	of	resource	efficiency	addresses	a	range	of	environmental	impacts,	particularly	embodied	impacts,	of	which	awareness	has	been	limited	in	the	construction	industry	owing	to	the	greater	focus	of	UK	policy	and	legislation	on	operational	GHG	emissions	(CIBSE,	2014a).			
	





Table 2-1: Activities involved in resource efficiency and the circular economy 
Definition of resource efficiency in 
construction (WRAP, 2017) 
‘Key characteristics and enabling factors 
of a circular economy’ (EEA, 2016) 
• Reducing materials consumption and 
wastage; 
• Increasing reuse and recycled 
content, and enabling reuse and 
recyclability at end of life; 
• Matching the durability and lifespan 
of assets to service life; 
• Using resources with no scarcity and 
source security issues; 
• Using products with lower embodied 
carbon and embodied water; 
• Reducing energy and water use 
during construction; 
• Enabling energy efficiency and water 
efficiency in use. 
• Less input and use of natural 
resources;   
• Increased share of renewable and 
recyclable resources and energy;  
• Reduced emissions (throughout the 
full material cycle); 
• Fewer material losses/residuals;  
• Keeping the value of products, 

















2.5 Methods and data for embodied carbon analysis 
	This	section	considers	the	challenges	inherent	in	available	methods,	data	and	tools	for	embodied	carbon	analysis	of	building	services	and	how	well	existing	industry	standards	and	research	literature	have	addressed	these	challenges.	As	established	previously,	the	discussion	treats	embodied	carbon	analysis	as	being	theoretically	and	methodologically		based	on	environmental	life	cycle	assessment	(LCA).			
	























2.5.3 Challenges with benchmarking 	The	range	of	choice	available	in	methods	used	for	LCI	analysis	has	led	to	significant	variations	between	studies	in	the	reported	embodied	carbon	intensities	of	entire	buildings	(Birgisdottir	et	al,	2017)	or	common	raw	materials	(Pomponi	and	Moncaster,	2017).		Although	this	has	been	seen	as	a	challenge	for	benchmarking	purposes	(Anand	and	Amor,	2017),	average	values	of	GWP	per	square	metre	of	floor	space	(or	per	kilogramme	of	raw	material)	can	be	estimated	across	studies	where	reporting	is	transparent	enough	to	permit	adjustments	for	differences	in	data	sources	and	study	parameters.		The	situation	is	clearly	more	difficult	for	building	services,	where	too	few	published	LCA	or	embodied	carbon	studies	exist	to	allow	average	GWP	intensities	per	unit	of	floor	space	or	system	mass	to	be	calculated	for	comparable	product	systems	(Passer	et	al,	2012).		This	leads	on	to	the	issue	of	the	availability	of	input	data.			This	is	a	critical	issue	because	variations	in	the	source,	quality	and	reliability	of	available	data	can	be	a	source	of	parameter	uncertainty	within	an	LCA	or	embodied	carbon	study.		








Table 2-2:  Studies comparing operational and embodied carbon and energy 
Country Author (date) Relative value of embodied carbon 
(EC) and embodied energy (EE) 
Building type 
UK Yohanis and 
Norton (2002) 
EE is 67% of whole-life energy over 26 
years 
Single storey office 
Eaton and 
Amato (1998) 
EC is 37-43% of whole-life carbon 
over 60 years 
Small to medium 
office and large 8-
storey office 
Smith (2008) EC is 80% of whole life-carbon over 
unspecified period 
N/A 
Bailey (2010) EC is 42-68% of whole-life carbon 

























EC is 74-79% of whole-life carbon and 
EE is 53-67% of whole-life energy over 
50 years  
Residential  
 




Table 2-3:  Embodied carbon studies of building services in office buildings 









EC as % of 
total  
Description of building 












HVAC = 56) 




Average of 30 office 
buildings, mostly fully 
serviced, with average 




1104 N/A 132 12 Notional fully serviced 
medium rise large office 




757 GFA 8 - 33.3 
(Average = 
20.7) 
1.5 - 4.1 
(Average = 
2.6)  
Average of 3 low rise 
office buildings with 





883.5 N/A 53 6 Notional office with natural 
ventilation, stages A1-A3 
Chen et al 
(2012) 
N/A N/A 8.7-39.7 
(HVAC only) 
N/A Comparison of 3 HVAC 
system options for 
educational building, 13 
storeys, stages A1-A3 
Kaspersen 
et al (2016) 
N/A GFA 47-53 
(HVAC = 
35-38) 
N/A Comparison of building 
services of 8 or 12 storey 
office & health care 




















2.6 Addressing uncertainty  		This	section	firstly	considers	general	approaches	to	handling	uncertainty	in	LCA	research	studies,	after	which	it	examines	how	uncertainty	has	been	addressed	in	those	LCA	and	embodied	carbon	research	studies	that	consider	buildings.	A	brief	review	follows	of	alternative	methods	of	uncertainty	propagation.			













2.6.3 Approaches to the inclusion of parameter uncertainty 	Explicit	inclusion	of	parameter	uncertainty	into	an	LCA	study	entails	the	use	of	statistical	methods,	examples	of	which	include	sampling-based	Monte	Carlo	(MCS)	and	Latin	Hypercube	simulation	(LHCS),	fuzzy	set	theory	and	analytical	uncertainty	propagation	(AUP)	(Groen	et	al,	2014).	A	review	of	uncertainty	analysis	in	LCA	studies	identifies	that	uncertainty	can	be	measured	at	various	stages	of	the	LCA	model	but	has	most	frequently	been	addressed	at	the	life	cycle	inventory	stage;	that	the	complexity	of	LCA	makes	it	difficult	to	analyse	all	types	of	uncertainty	within	one	study;	and	that	the	most	commonly	used	methods	of	uncertainty	analysis	have	been	sampling-based	(Lloyd	and	Reis,	2007).				Monte	Carlo	simulation,	the	most	widely	used	sampling-based	method,	requires	that	pseudo	random	numbers	are	drawn	from	a	set	of	input	parameters	with	known	probability	distributions	to	produce	a	sampled	distribution	of	an	output	parameter	(Groen	et	al,	2014).	Its	accuracy	is	measured	by	the	convergence	rate	between	the	sample	mean	and	the	true	mean,	using	the	standard	error	of	the	mean	(SEM).	The	advantages	of	using	MCS	in	LCA	studies	include	its	relative	accuracy	compared	to	other	methods,	its	widespread	availability	within	commercial	LCA	software,	and	its	ability	to	make	a	nuanced	comparison	between	environmental	impacts	of	two	products.	The	comparison	is	nuanced	in	the	sense	that	it	indicates	the	differences	not	only	between	the	mean	impact	values	of	product	A	and	B,	but	also	between	the	probability	distributions	of	each,	enabling	a	full	assessment	of	whether	the	difference	between	the	values	of	impact	A	and	B	is	significant.	The	main	disadvantages	of	MCS	are	the	large	number	of	simulation	runs	needed,	typically	at	least	1000	runs	for	each	possible	combination	of	all	input	parameters,	and	the	difficulty	in	calculating	the	contribution	of	a	single	input	parameter	to	overall	output	variance	when	there	are	a	large	number	of	input	parameters	(Heijungs	and	Lenzen,	2014).				
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2.9 Chapter summary  	This	chapter	began	by	reviewing	the	literature	informing	the	background	to	this	study.	The	case	for	embodied	carbon	reduction	in	the	built	environment	was	established	and	the	contribution	explained	that	this	could	make	to	the	wider	aims	of	meeting	GHG	emissions	targets	and	addressing	resource	efficiency	and	the	circular	economy.	The	limitations	of	these	aims	were	considered	as	well	as	the	activity	outside	the	scope	of	this	study	that	would	need	to	accompany	embodied	carbon	estimation	within	UK	construction.	It	was	established	that	three	key	topics	within	the	problem	space	required	critical	examination	in	academic	and	other	literature.	These	were	(a)	barriers	and	drivers	affecting	UK	construction	industry	practice	on	embodied	carbon	(EC);	(b)	calculation	methods,	data	and	tools	for	EC	in	building	services;	and	(c)	decision-making	on	HVAC	system	design.		(a)	A	review	of	studies	of	barriers	and	drivers	to	carbon	reduction	in	construction	showed	that	various	theoretical	approaches	had	been	used	and	that	the	scope	of	published	findings	had	not	covered	the	specific	issue	of	embodied	carbon	in	building	services.	The	further	investigation	of	this	topic	via	primary	
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3 Research design 	
3.1 Introduction 		This	chapter	describes	the	research	design	in	terms	of	its	philosophical	paradigm,	approach	to	theory	development,	methodological	basis,	strategies	of	inquiry,	time	horizon	and	individual	research	methods.	The	research	questions	derived	from	the	five	research	objectives	that	were	first	presented	in	chapter	1	are	identified,	after	which	the	chosen	mixed	methods	approach	is	justified	and	discussed.	The	strategies	of	inquiry	used	to	investigate	each	research	objective	in	chapters	4-7	of	this	thesis	are	then	discussed	and	the	individual	research	methods	are	summarised.	While	the	present	chapter	provides	an	overview	of	the	research	design,	operational	details	of	individual	research	methods	are	outlined	following	the	respective	introductory	sections	of	chapters	4-7.	The	approach	taken	to	integration	and	validation	of	research	findings	is	then	discussed,	after	which	the	chapter	is	summarised.			




Figure 3-1: Research questions derived from study objectives 	




Table 3-1: Summary of research design 
 
Layer of research design 
 
Options used in this study 
 
Philosophical approach	 Post-positivism 
Approach to theory 
development 
Deduction 
Methodological choice Mixed methods, complex, with sequential explanatory, 
embedded and concurrent features 
Strategies of inquiry 
employed 
Research objective 1: Quantitative survey 
Research objective 2: Case studies & quantitative analysis 
Research objective 3: Case studies & quantitative analysis 
Research objective 4: Qualitative study 
Research objective 5: Integrated analysis & interpretation 
Time horizon Cross sectional, sequential and concurrent 
Individual methods 
employed 
As summarised in Table 3.2 	As	argued	by	Small	(2011),	the	terms	‘quantitative’	and	‘qualitative’	as	applied	to	the	categories	in	Table	3.1	and	Figure	3.1	are	best	seen	as	shorthand	descriptions	of	a	complex	reality,	because	mixed	methods	research	may	involve	mixing	of	a	range	of	data	types,	data	collection	methods	and	techniques	of	data	analysis.	In	each	case,	the	range	of	options	may	not	fully	be	captured	by	the	binary	alternatives	‘qualitative’	and	‘quantitative’.		





















3.3.4 Strategies of inquiry employed  	As	shown	in	Figure	3.2,	the	strategies	used	to	collect	and	analyse	primary	data	for	research	objectives	1,	2	and	4	are	respectively	an	online	survey	of	stakeholders,	a	series	of	case	studies	of	HVAC	components	and	systems	and	a	qualitative	study	of	stakeholders.	Research	objectives	2,	3	and	5	focus	on	data	analysis	and	use	strategies	for	the	analysis	and	use	of	EC	data	accordingly.	These	are	the	use	of	LCA	methodology	and	uncertainty	analysis	for	RO2	and	RO3	and	business	requirements	analysis	for	research	objective	RO5.	While	the	strategies	used	differ	in	content,	they	are	necessary	ingredients	of	a	joined-up	process	to	achieve	all	five	research	objectives,	as	shown	by	the	‘key	outcomes’	column	in	Figure	3.2.		Each	of	these	strategies	is	now	discussed.	
	
3.3.4.1 Research objective 1: To identify a range of barriers and drivers that inform 





3.3.4.2 Research objective 2: To develop an estimation method for embodied 
carbon of building services that addresses uncertainty of input parameters; and 
research objective 3: To apply the estimation method to the comparison of 
embodied carbon impacts of alternative building services systems, initially focusing 




Table 3-2: Components investigated in case studies 
 Building number and HVAC system type 
(FCU=fan coil unit, VRF= variable refrigerant 
volume, VAV= variable air volume) 
Component details 1 - FCU 2 - VRF 3 - VRF 4 - VAV 
Air-cooled chiller with screw compressor, 
400kW capacity x 2 No 
X    
Air-cooled centrifugal chiller, 7,759 kW 
capacity 
   X 
Air handling units - various sizes, various 
materials 
X X X X 
Attenuators - galvanised sheet steel X   X 
Condenser boiler, 750 kW X    
Ductwork - galvanised sheet steel X X X X 
Fan coil units (FCUs), various sizes and raw 
materials 
X    
Linear air diffusers - aluminium X    
Pipework - carbon steel, used for low temp 
hot water/chilled water 
X    
Pipework - copper - tube and sheet, used for 
low temp hot water/chilled water, refrigerant 
 X X X 
Swirl air diffusers, aluminium and plastic  X   
Fan assisted variable air volume (VAV) 
terminal unit, various materials and sizes 
   X 
Variable refrigerant volume (VRF) indoor 
terminal unit, various materials and sizes 
 X X  
Variable refrigerant volume (VRF) rooftop 
condenser unit, various materials and sizes 


















3.3.4.3 Research objective 4: To identify and explain the decision-making processes 




3.3.4.4 Research objective 5: To produce a specification for a tool for practitioners 
to compare HVAC systems using embodied carbon 	RO5	brings	together	the	results	of	the	four	previous	research	objectives	primarily	to	inform	the	specification	and	pilot	implementation	of	an	embodied	carbon	selection	tool	for	HVAC	systems.	The	methodological	framework	used	to	do	so	is	business	requirements	analysis	(Paul	et	al,	2014),	a	systematic	approach	designed	to	transform	social	and	technical	information	into	a	high-level	specification	of	business	needs	which	can	be	used	as	the	basis	for	a	software	specification.	This	contributes	to	the	mixed	methods	research	design	by	providing	concurrent	integration	of	data	of	different	types	obtained	from	investigating	the	first	four	research	objectives.	It	also	supports	complementarity	between	research	methods,	in	that	the	qualitative	study	informs	the	choice	mechanism	and	accessibility	of	the	tool	while	the	embodied	carbon	and	uncertainty	analysis	informs	its	numerical	inputs	and	outputs.	The	analysis	carried	out	for	RO5	also	feeds	into	a	general	discussion	chapter	in	which	the	background	literature,	research	objectives	and	planned	theoretical	contributions	are	reviewed	in	the	light	of	the	overall	research	findings.		












Table 3-3: Data types and methods of data collection and analysis 
Research 
objective 
Method of data 
collection 
Type of data 





RO1: To identify a 
range of barriers 
and drivers that 
inform industry 
practice on the 
calculation of 
embodied carbon 
(EC) of building 
services 
Web-based 





data from Likert 



















RO2: To develop 
an estimation 





uncertainty of input 
parameters 
 
RO3: To apply the 
estimation method 
to the comparison 
of EC impacts of 
alternative building 
services systems, 




























































RO4: To identify 
and explain the 
decision-making 
processes involved 
in selecting options 
for the design of 














in MS Word 
 
MS Excel 
RO5: To produce a 
specification for a 
tool for practitioners 
to compare HVAC 






























Type of validity or 
legitimation 
Examples of threats to validity 
affecting research design, data 
collection, analysis or interpretation 
Examples of mitigation of threats to validity 








Internal validity -  
(a.k.a. construct or 
measurement validity) 




(Bryman, 2012, Yin, 
2014) 
Internal: Model not appropriate to 
measure variable  
External: Sample not large or 
representative enough of population 
Reliability: Measurement method not 
consistent or replicable elsewhere 
Internal: Alignment of embodied carbon 
estimation model used in RO2 with ISO LCA 
quality standards (BSI, 2006, 2011, 2014) 
External: Ensuring that online survey used in 
RO1 is marketed across construction industry 
and responses meet appropriate target level  
Reliability: Ensuring that method used in RO3 to 
compare EC of HVAC systems is potentially 
applicable to other components and systems 
Qualitative Research 
method 









(Lincoln and Guba, 1985) 
Credibility: Observer-caused effects and 
researcher bias in data collection 
Transferability: Failure to compare 
empirical findings with previous cases 
and theories 
Dependability: Errors in data 
classification 
 
Credibility: Interview protocol and question 
design for qualitative study used in RO4             
minimises observer effects and bias. Findings 
also used to complement survey results. 
Transferability: Findings of qualitative study done 
for RO4 are compared with theories of rational 
choice/bounded rationality and related studies 
Dependability: Data analysis used in RO3 relies 














Types of legitimation:  












Sample integration: The more that 
qualitative and quantitative samples 
differ in type or size, the less reliably can 
meta-inferences be drawn from both 
Conversion: Inherent challenges in 
drawing meta-inferences from 
quantitative data converted into 
qualitative data or vice versa 
Paradigm mixing: Risk of assumptions 
on research paradigm not being made 
explicit and research not being 
conducted according to these 
assumptions 
Sample integration: While qualitative sample 
used in RO4 is partly a subset of quantitative 
sample from RO1, it is used to complement and 
not triangulate the first sample, so it considers 
overlapping rather than identical subjects 
Conversion: Threat mitigated by leaving 
qualitative and quantitative data in their original 
format rather than attempting to convert  
Paradigm mixing: Threat mitigated by ensuring 
that qualitative and quantitative approaches are 
treated as separate but complementary rather 










4 Survey results on resource efficiency in building services 
design 
	
























Figure 4-2: Survey respondents by main job role 	
4.4 Main findings 
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4.4.3 Influence of stakeholder groups on resource efficiency 	Respondents	were	then	asked	to	identify	the	three	stakeholder	groups	considered	to	have	the	most	influence	on	whether	building	services	were	efficient	in	their	use	of	natural	resources.	The	question	did	not	specify	the	stage	of	building	or	service	product	lifetime	to	which	this	related,	allowing	answers	to	cover	all	lifetime	impacts.	Also,	the	preset	options	for	stakeholder	groups	were	not	exclusive,	as	an	option	was	provided	to	add	other	groups	if	applicable	in	a	comments	field.	The	request	to	select	three	groups	was	designed	to	explore	the	view	from	background	literature	and	scoping	interviews	that	building	design	was	a	collaborative	process.	In	such	a	process	it	might	be	expected	that	design	decisions	with	major	environmental	implications	would	be	informed	by	the	preferences	of	multiple	stakeholder	groups.	The	question	was	therefore	phrased	in	such	a	way	as	to	identify	the	groups	most	involved	in	such	a	collaborative	process,	rather	than	to	identify	a	single	stakeholder	group	most	able	to	influence	an	environmentally	positive	outcome.		
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Figure 4-5: Importance of design activities in promoting resource efficiency 	These	responses	have	implications	for	several	research	objectives.		For	research	objective	3,	the	importance	placed	on	earlier	and	more	strategic	design	decisions	as	a	means	to	influence	resource	efficiency	supports	further	investigation	of	how	these	decisions	are	made	and	by	whom.	For	research	objectives	4	and	5,	the	implications	for	the	proposed	HVAC	system	selection	tool	are	that	such	a	tool	should	ideally	support	comparisons	between	different	levels	of	servicing,	such	as	natural	versus	mechanical	ventilation,	as	well	as	between	different	types	of	servicing	systems	and	individual	products.		
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4.5.2 Supporting the embodied carbon estimation method 	The	second	research	objective	entails	developing	an	estimation	method	for	embodied	carbon	of	composite	building	services	components,	incorporating	uncertainty	analysis,	with	a	focus	on	the	product	stage,	or	cradle	to	gate	phase	of	embodied	carbon.	The	survey	findings	support	this	objective	in	four	ways.	Almost	90%	of	respondents	believe	that	embodied	as	well	as	operational	carbon	needs	to	be	measured	in	order	to	reduce	emissions.	Around	80%	of	respondents	believe	that	using	products	with	low	embodied	carbon	and	reducing	energy	use	in	manufacturing	and	construction	are	effective	ways	to	promote	resource	efficiency.	Over	half	of	respondents	believe	that	embodied	energy	and	carbon	impacts	are	important	when	specifying	building	services	and	nearly	two	thirds	would	find	a	tool	helpful	that	supported	their	ability	to	estimate	those	impacts.		
























4.5.5 Limitations of the survey 	As	a	mainly	quantitative	component	within	a	mixed	methods	research	design,	this	survey	is	firstly	subject	to	threats	to	validity	of	three	types,	internal	validity,	external	validity	and	reliability	(Bryman,	2012,	Yin,	2014).		A	key	threat	to	external	validity	of	this	kind	of	survey	would	be	that	the	sample	might	be	either	too	small	to	support	adequate	statistical	analysis	or	not	sufficiently	representative	of	the	target	population.	In	this	case,	the	sample	size	achieved	was	large	enough	to	support	testing	of	significant	differences	in	responses	between	sub	groups.	The	fact	that	the	target	population	was	not	the	general	construction	workforce,	but	construction	practitioners	involved	in	some	way	with	building	services	systems,	makes	it	difficult	to	find	a	demographic	or	occupational	profile	of	the	target	population	against	which	to	compare	the	sample.		The	reliability	of	the	survey,	which	refers	to	its	ability	for	the	measurement	method	to	be	replicable	elsewhere,	does	not	present	a	major	challenge.		The	internal	validity	of	the	survey	depends	on	the	fitness	for	purpose	of	the	measurement	instrument	as	well	as	the	design	of	the	questions.	In	this	case,	the	choice	of	an	established	method,	multi-indicator	Likert	questions,	enabled	in	most	cases	the	detailed	identification	of	views	on	the	chosen	topics.	However,	there	was	one	instance,	question	11,	in	which	additional	comments	from	respondents	indicated	that	the	question	design	seemed	ambiguous,	therefore	the	responses	to	this	question	were	not	included	in	the	analysis.			






5 Embodied carbon estimation and uncertainty 	

























Figure 5-2: System boundary, processes and flows used in study of fan coil unit, based 
on ISO information modules as defined in BSI (2011, 2014). 
	
Figure 5-3:  System boundary, processes and flows used in study of HVAC systems, 
based on ISO information modules (BSI, 2011, 2014) 
	





Figure 5-5: Example of partially centralised air-conditioning system (Oughton and 
Wilson, 2016) 
 
5.2.2.2 LCA scope: Functional unit and functional equivalent 
	In	order	to	compare	life	cycle	impacts	of	alternate	scenarios	involving	one	product	or	different	products,	three	types	of	functional	unit	or	functional	equivalent	are	used.		Full	definitions	of	each	term	are	provided	in	Table	5.1.		










Functional unit (defined as the ‘quantified performance of a product 
system for use as a reference unit’, BSI, 2014, p8):   
The product stage GWP impact of a ducted, water-side fan coil unit 
(FCU) of total cooling capacity varying from 2 to 8 kW. 
Functional unit: The product stage and operational GWP of a single 
FCU, sized to meet a notional, maximum office cooling load of 2.5 




Functional equivalent (defined as the ‘quantified functional 
requirements and/or technical requirements for a building or an 
assembled system for use as a bases for comparison’ (BSI, 2011, 
p9). 
The product stage GWP impact of an installed HVAC system, 
measured in kg CO2 equivalent per m2 of gross internal floor area 
(GIFA) of an office building. An HVAC system is defined to fall within 
the standard cost categories ‘space heating and air treatment’ and 
‘ventilating services’ (RICS, 2012) and to provide all the functions of 
heating, mechanical ventilation and air-conditioning for a building.  
The system must also meet the following thermal comfort standards 
set by the British Council for Offices (BCO, 2014): Internal 
temperature: 24°C ± 2°C (Summer); 20°C ± 2°C (Winter); Outside air 
replacement: 12-15 litres/second/person (BCO, 2014) 
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5.2.2.3 LCA scope: Cut-off criteria and allocation procedure 
	The	cut-	off	criteria	for	the	inclusion	of	input	data	used	in	this	study	are	those	recommended	by	ISO	standard	15804,	i.e.	1%	of	mass	or	energy	inputs	per	unit	process	and	5%	of	inputs	per	life	cycle	module	[BSI,	2014,	p25].	LCA	studies	can	be	‘attributional’	or	‘consequential’,	respectively	measuring	impacts	occurring	either	within	the	life	cycle	stage(s)	studied	or	in	the	future	(Buyle	et	al.,	2013).		Here	an	attributional	approach	is	used,	as	this	aligns	with	the	approach	of	the	LCI	databases	used,	the	Inventory	of	Carbon	and	Energy	(Hammond	and	Jones,	2011)	and	Ecoinvent	v.3.1	(Ecoinvent,	2014).	For	the	same	reason,	allocation	of	co-products	is	measured	primarily	by	physical	quantity	as	recommended	by	ISO	14044	(BSI,	2006b).			




Table 5-2: Data collection methods and data sources 
Phase of investigation Methods of data 
collection 
Type of data by source  
1. Deterministic 












on stripped out 
HVAC components 
in-situ using ‘tear 
down’ analysis 
Quantitative data on raw material types and 
quantities: 
 
- Bills of materials and product literature 
from HVAC equipment manufacturers 
- Experimental measurements  
-Drawings, BIM models and equipment 
schedules from building designs 
 
-Type III Environmental product declarations  
and previous LCA research studies of 
HVAC components and systems 
 
Quantitative data on embodied carbon 
coefficients: 
 
-LCI databases (The Inventory of Carbon 
and Energy and Ecoinvent v.3.1) 
 
- DEFRA/DECC transport emission factors 
CIBSE guides  
 
2.  EC estimation with 
analysis of input 
uncertainty  
 




All of the above, plus estimated measures of 
dispersion to represent input uncertainty for 











5.2.4 Life cycle impact assessment 		The	life	cycle	impact	assessment	(LCIA)	should	be	planned	to	achieve	the	goal	and	scope	of	the	LCA	study	and	requires	a	choice	of	impact	categories	and	characterisation	methods	(BSI,	2006b).	Given	the	fact	that	a	key	research	objective	of	this	study	is	to	develop	an	embodied	carbon	estimation	method,	the	main	environmental	impact	category	considered	is	that	used	most	widely	to	measure	embodied	carbon,	Global	Warming	Potential	(GWP),	with	a	characterisation	factor	of	100	years	(IPCC,	2013).		The	calculation	used	to	
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estimate	the	product	stage	embodied	carbon	impact	of	an	HVAC	component	or	system	is	given	by	equation	5.1.		 EC## = ∑ ['()]	,-./ + ∑ ['(1] +	,-./ ∑ ['(23]	,-./          (Equation	5.1) 	In	Equation	5.1,	ECCC	=	the	product	stage	embodied	carbon	of	a	composite	component,	m	=	mass,	and	kR,	KT	and	kMF	are	the	carbon	coefficients	for	raw	material	supply,	transport	and	manufacturing	respectively,	matching	the	product	stage	modules	A1,	A2	and	A3	in	the	ISO	standard	(BSI,	2011,	2014),	as	shown	in	Figure	2.3.		The	coefficient	kT	is	the	product	of	distance	travelled	and	the	carbon	coefficient	for	the	mode	of	transport,	while	kMF	is	the	product	of	energy	used	in	manufacturing	and	the	carbon	coefficient	for	supply	of	electricity	and/or	heat..		
5.2.5 Investigation of parameter uncertainty 	The	investigation	of	parameter	uncertainty	provides	an	additional	layer	of	analysis	to	the	life	cycle	impact	assessment.	The	uncertainty	analysis	is	applied	exclusively	to	the	assessment	of	GWP	impacts	arising	from	the	product	stage	of	the	life	cycle	of	HVAC	components	and	systems,	as	these	are	the	impacts	most	relevant	to	the	research	questions	addressed	in	this	study.	The	investigation	addresses	research	question	2b,	which	asks	how	uncertainties	in	input	parameters	affect	embodied	carbon	estimates	of	HVAC	components	and	systems.		While	the	method	of	uncertainty	analysis	described	in	chapter	3	enables	an	initial	screening-out	of	input	parameters	with	an	insignificant	effect	on	environmental	impact	using	contribution	analysis	and	sensitivity	analysis,	the	uncertainty	of	all	four	input	parameters	from	Equation	5.1	will	initially	be	considered.	The	uncertainty	analysis	itself	begins	with	uncertainty	propagation	alternatively	using	first	order	analytical	uncertainty	propagation	(AUP)	and	Monte	Carlo	simulation	(MCS).		The	AUP	method	is	able	to	calculate	both	the	output	uncertainty	associated	with	a	particular	input	parameter	and	the	contribution	to	overall	output	variance	(CTV)	of	all	input	parameters	using	Equation	2.1.			
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5.3 Case study methodology 
	This	section	discusses	the	background	to	the	identification	of	case	studies	interrogated	and	the	specific	methods	used	for	data	collection	and	analysis,	following	on	from	the	more	general	description	given	in	chapter	3.	
	











Table 5-3: Embodied carbon coefficients used for case study of fan coil units 
Raw material or process input Embodied carbon 
coefficient 
Source 
Fan coil unit casing - Galvanised sheet steel, 
UK/EU recycled proportion of 59% 	 1.54 kg CO2 e / kg Hammond and Jones, 2011 
Fan coil unit casing Polyurethane insulation 
foam  
4.84 kg CO2 e / kg As above 
Coils - General aluminium, UK typical value  9.16 kg CO2 e / kg As above 
Coils - Copper - tube and sheet, UK/EU 
recycled proportion of 37%  
2.71 kg CO2 e / kg As above 
Fan/motor assembly - General steel, UK/EU 
recycled proportion of 59%  
1.46 kg CO2 e / kg As above 
Fan/motor assembly - - General aluminium, 
UK typical value  
9.16 kg CO2 e / kg As above 
Fan/motor assembly - Copper - tube and 
sheet, UK/EU recycled proportion of 37%  
2.71 kg CO2 e / kg As above 
Electricity used in UK manufacture of FCU  0.394 kg CO2 e /kWh 
and 0.18 kWh/ kg  
BEIS, 2015 
Natural gas used in UK manufacture of FCU  0.185 kg CO2 e /kWh 
and 0.01 kWh/ kg 
DEFRA/DECC, 
2015 















Table 5-4: Input parameters and data sources used for case study of HVAC systems 
Component and raw material(s) 	 Buildings 
in which 
used	 Mass of component	 Embodied carbon coefficient (ECC)	 Source of data	
Air-cooled chiller with centrifugal 
compressor, 2 No * 400kW capacity 
- various raw materials (VRM)	 1	 5,660 kg	 2.3 kg CO2 e / kg Mass from contractor’s schedule of installed equipment, bill of materials (BOM) estimated based on Riviere et al, 2012b, p62. ECCs from Hammond & Jones (H&J), 2011.	
Air-cooled chiller with centrifugal 
compressor, 7760 kW capacity, VRM 
4 32,428 kg 2.3 kg CO2 e / kg Mass from contractor’s schedule of installed equipment, bill of materials 
(BOM) estimated based on. ECCs from Hammond & Jones (H&J), 2011. 




2.21 kg CO2 e / kg Mass from contractor’s schedule of installed equipment, BOM estimated 
based on Heikkila (2008), ECCs from H&J (2011). 
Attenuators - galvanised sheet steel, 
UK/EU recycled proportion of 59% 
1,4 Various 
masses 
1.54 kg CO2 e / kg Size and quantity of units from ‘as built’ design drawings, mass & density 
from product literature, ECC from H&J, 2011 
Condenser boiler, 750 kW, VRM 1 611 kg 1.97 kg CO2 e / kg Mass from contractor’s schedule of installed equipment, BOM estimated 
based on Kemna et al, 2007. ECCs from H&J, 2011 
Ductwork - galvanised sheet steel, 
UK/EU recycled proportion of 59% 
1,2,3,4 Various 
masses (1) 
1.54 kg CO2 e / kg Size and quantity from ‘as built’ design drawings, mass & density from 
industry standard (BESA, 2013), ECC from H&J, 2011 




2.75 - 2.91 kg CO2 
e / kg (Average = 
2.87 kg CO2 e / kg) 
Raw materials from manufacturers’ BOM and tear-down analysis, ECCs 
sourced as outlined in Table 5.3 earlier 
Linear diffusers - general aluminium, 
UK typical value 
1 2.7-5 kg 
/linear metre 
9.16 kg CO2 e / kg Size and quantity from ‘as built’ design drawings, mass & density from 
product literature, ECC from H&J, 2011 
Pipework - carbon steel 1 1.3-4 kg 
/linear metre 
2.02 kg CO2 e / kg Size and quantity from ‘as built’ design drawings, mass & density from 
product literature, ECC from Ecoinvent v 3.1, 2014 
Pipework - copper - tube and sheet, 
UK/EU recycled proportion of 37% 
2,3,4 0.5-2 kg 
/linear metre 
2.71 kg CO2 e / kg Mass & density from product literature, ECC from H&J, 2011 
Swirl diffusers, 81% general 
aluminium, 19% general plastic 
2 11.2 kg per 
unit 
5.78 kg CO2 e / kg BOM from product literature, ECCs from H&J, 2011 
Fan assisted VAV terminal unit, 
various sizes and VRM 
4 Various 
masses 
1.74 kg CO2 e / kg Raw materials from tear-down analysis, ECCs from H&J, 2011  
VRF indoor terminal unit, various 
sizes and VRM 
2,3 23 kg per unit 2.75 kg CO2 e / kg Estimated based on BOM for FCUs of similar size, ECC from H&J, 2011 
VRF rooftop condenser unit, various 
sizes and VRM 
2,3 320-490 kg 
per unit 
2.9 kg CO2 e / kg Estimated based on BOM for FCUs of similar size, ECC from H&J, 2011 
	 	 	
		 119	
5.4 Findings  
	This	section	presents	the	results	of	the	life	cycle	impact	assessments	of	the	case	studies	of	fan	coil	units	and	HVAC	systems.		
5.4.1 Embodied carbon impacts of fan coil unit range 	The	average	raw	material	content	and	product-stage	embodied	carbon	impact	of	a	 range	of	 fan	 coil	 units	produced	by	UK-based	manufacturer	 ‘A’	 are	 shown	 in	Figures	5.6	and	5.7.	The	data	is	taken	from	manufacturer’s	bills	of	materials	(BOM)	of	 a	 range	 of	 FCU	 models	 going	 from	 2-8	 kW	 in	 total	 cooling	 capacity.	 As	 is	discussed	later,	an	experimental	tear-down	study	of	an	FCU	from	the	same	range	was	also	carried	out	to	check	the	reliability	of	the	data	on	mass	from	the	BOM.	
	
Figure 5-6: FCU Average material 
content 
	






Figure 5-8: FCU range by material 
content 		
	
Figure 5-9: FCU range by mass, 







Figure 5-10: FCU range by mass, sub-
component and total cooling capacity 		
	
	
Figure 5-11: FCU range by mass and 




This	can	be	seen	by	a	comparison	of	values	for	the	dimensionless	coefficient	of	variation	(CV),	which	is	defined	in	Equation	5.4	as	the	standard	deviation,	σ,	of	a	random	variable	divided	by	its	mean	value,	μ.		 	 	 !"($) = 	 σ())µ(x)					 	 	 	 (Equation	5.4)		The	CV	of	the	ratio	of	EC	to	mass	across	the	range	of	FCUs	is	2.8%,	whereas	the	CV	of	the	ratio	of	EC	to	TCC	is	9%	and	that	of	mass	to	TCC	is	9.4%.		This	suggests	that	total	mass	may	be	a	better	metric	for	predicting	EC	value	than	TCC	if	internal	proportions	between	raw	materials	are	constant,	as	was	the	case	with	the	FCU.		However	TCC	values	are	also	important	as	they	explain	why	a	component	of	a	particular	total	mass	is	produced.	To	explore	this	further,	the	predictive	value	of	both	mass	and	TCC	are	considered	in	the	next	section.		




Figure 5-12: Mass of FCU range vs. 
total cooling capacity by manufacturer 
	
Figure 5-13: Mass relative to total 





5.4.3 Sensitivity of results to variations in mass 	If	it	is	assumed	that	galvanised	steel	casing	makes	up	the	majority	of	FCU	mass	and	that	UK-produced	galvanised	steel	is	of	standard	density,	it	follows	that	differences	in	the	thickness	of	the	casing	used	will	substantially	affect	FCU	mass.	Product	literature	indicates	that	manufacturers	A	and	C	use	1.2mm	gauge	steel	while	manufacturer	E	uses	1mm	gauge	steel	for	the	casing.	Typical	densities	for	UK-made	galvanised	steel	are	9.083	kg/m2	for	1.2mm	gauge	steel	and	7.888	kg/m2	for	2mm	gauge	steel	(Custompart,	2018).		Assuming	that	the	FCU	casing	represents	70%	of	the	mass	of	an	average	model,	as	it	did	across	the	range	of	models	measured,	then	manufacturer	E’s	models	should	have	1-(0.7-(7.888/9.083*0.7))	=	9.08%	less	mass	than	those	of	manufacturer	A.		The	effect	of	reducing	the	mass	of	FCU	‘A’	by	9.08%	would	shift	its	mass/power	curve	closer	towards	the	curve	of	unit	E	as	currently	visualised	in	Figure	5.9a.	This	would	explain	30%	of	the	difference	in	mass	between	manufacturers	A	and	E	at	each	level	of	total	cooling	capacity.	While	this	cannot	explain	the	observed	difference	in	unit	mass	between	manufacturers	A	and	C,	as	they	both	use	1.2mm	gauge	galvanised	steel,	it	shows	the	importance	of	material	density	in	explaining	variations	in	mass.			







5.4.5 Findings on parameter uncertainty 	This	section	presents	the	results	of	applying	uncertainty	analysis	to	existing	data	on	fan	coil	units	and	additional	data	on	HVAC	systems	at	building	level.	
	
5.4.5.1 Uncertainty of mass of fan coil unit A 





Table 5-5: Comparative results of uncertainty propagation on mass of FCU A 
Results with symmetrical triangular probability distribution for mass m 
FCU No. 1 2 3 4 5 6 7 8 9 
Mean EC 
kg CO2e  90.59 130.03 137.71 170.95 198.94 241.37 250.34 282.10 290.73 
SD (MCS) 5.39 7.72 8.12 10.13 11.79 14.22 14.69 16.50 17.26 
SD (AUP) 5.36 7.70 8.15 10.12 11.78 14.29 14.82 16.70 17.21 
CV (MCS) 5.94% 5.93% 5.89% 5.94% 5.93% 5.88% 5.88% 5.83% 5.95% 
CV (AUP) 5.92% 5.92% 5.92% 5.92% 5.92% 5.92% 5.92% 5.92% 5.92% 
Results with normal (Gaussian) probability distribution for mass m 
SD (MCS) 5.37 7.64 8.16 10.20 11.68 14.23 14.88 16.81 17.41 
SD (AUP) 5.36 7.70 8.15 10.12 11.78 14.29 14.82 16.70 17.21 
CV (MCS) 5.93% 5.88% 5.90% 5.97% 5.88% 5.89% 5.93% 5.95% 6.00% 




Figure 5-14: FCU range by mass, EC and total cooling capacity with uncertain mass 	The	significance	of	the	result	for	practical	estimation	of	embodied	carbon	is	assessed	by	discernibility	analysis.	Wherever	the	error	bars	show	in	Figure	5.14	for	any	two	FCU	models	overlap	vertically,	the	estimated	embodied	carbon	of	each	model	can	be	described	as	not	significantly	different.	This	is	because	if	the	result	were	obtained	by	MCS	using	a	normal	(Gaussian)	probability	distribution	for	the	input	parameter	m,	the	estimated	value	plus	or	minus	two	standard	deviations	would	be	equivalent	to	a	confidence	interval	of	95.5%.	The	error	bars	shown	on	Figure	5.14	do	not	overlap	between	FCU	models	1	and	2,	indicating	that	the	estimated	EC	values	of	these	two	models	can	be	described	as	significantly	different.	For	all	other	comparisons	between	FCU	models	across	the	size	range,	error	bars	overlap	between	at	least	two	adjacent	models	and	in	the	case	of	models	6-9,	between	four	adjacent	models.	For	these	comparisons	the	estimated	EC	values	cannot	be	described	as	significantly	different.		











Figure 5-15: Contribution to variance of embodied carbon under 3 scenarios for FCU A 	As	in	the	previous	test,	the	estimated	uncertainty	for	FCU	A	using	the	AUP	and	MCS	methods	does	not	differ	significantly,	with	the	CV	obtained	by	AUP	on	average	within	0.2%	of	that	obtained	by	MCS	using	either	a	triangular	or	a	Gaussian	distribution.	This	is	shown	in	Table	5.7.	The	results	show	that	the	AUP	method	can	estimate	the	effects	of	varying	levels	of	input	parameter	uncertainty	on	embodied	carbon	output	with	minimal	calculations	when	combined	with	information	on	sensitivity	of	output	to	input	parameters.		The	next	question	to	examine	is	how	this	method	might	be	combined	with	information	on	operational	carbon	emissions	to	identify	whether	carbon	impacts	of	alternative	but	equivalent	components	are	substantially	different	over	a	product	lifetime.		





Table 5-6: Input parameters for comparison of EC and OC by manufacturer 
Parameter Component 
 FCU A FCU B FCU C 
Total mass (kg) 45.8 32 39 
Proportions of raw materials assumed to 
equal those measured from bill of materials 
for FCU A: Galvanised steel – 74.37%, 
PUR foam – 7.49%, copper – 6.86%, 
aluminium - 6.63%, general steel - 4.65%. 
An extra 30% of galvanised steel mass and 
10% of PUR foam mass from scrap 
generated in manufacturing is included in 
the calculation of embodied carbon  
As stated in 
column 1 





As stated in 
column 1 
Mean embodied carbon, estimated using 
EC coefficients from Table 5.3 - kg CO2e 130.03 90.90 110.78 
Specific fan power - Watts/litres/sec 0.3 0.31 0.46 
Total cooling capacity - kW 2.5 2.5 2.5 
Fan motor type EC/DC EC/DC AC 
Maximum input power - Watts 45 49 105 
Operational energy (OE) use over 10 years 
(kWh) assuming	notional energy 
consumption (kWh) = input power 
(Watts)*12 hours*365.25 days* 

















Carbon intensity of UK grid electricity (CIG) 
in 2016 (kg CO2/kWh) (BEIS, 2017, p123) 0.254 0.254 0.254 
Operational carbon emissions over 10 






Figure 5-16: Comparison of EC and OC of three FCUs with uncertainty 	The	results	of	uncertainty	analysis	by	AUP	and	MCS	using	alternate	types	of	probability	distribution	with	respect	to	embodied	carbon	are	shown	in	Table	5.7.			
Table 5-7: Comparative results of uncertainty propagation on equivalent fan coil units 
Results with symmetrical triangular probability distribution for mass and EC coefficient kR	
FCU	 A	 B	 C	
Scenario	 1	 2	 3	 4	 5	 6	 7	 8	 9	
Mean 
EC 
kg CO2e 	 130.03	 130.03	 130.03	 90.90	 90.90	 90.90	 110.78	 110.78	 110.78	
SD 
(MCS) 5.02 7.84 11.33 3.51 5.58 7.88 4.24 6.77 9.58 
SD 
(AUP) 4.99 7.94 11.17 3.49 5.55 7.81 4.25 6.76 9.51 
CV 
(MCS) 3.86% 6.03% 8.72% 3.86% 6.13% 8.66% 3.83% 6.11% 8.64% 
CV 
(AUP) 3.84% 6.11% 8.59% 3.84% 6.11% 8.59% 3.84% 6.11% 8.59% 
Results with normal (Gaussian) probability distribution for mass and carbon coefficient kR 
SD 
(MCS) 5.01 8.05 11.26 3.48 5.55 7.79 4.28 6.82 9.68 
SD 
(AUP) 4.99 7.94 11.17 3.49 5.55 7.81 4.25 6.76 9.51 
CV 
(MCS) 3.85% 6.18% 8.66% 3.83% 6.11% 8.57% 3.87% 6.16% 8.73% 
CV 




5.4.5.4 Comparison of embodied carbon impacts of HVAC systems 	The	comparison	of	embodied	carbon	impacts	of	HVAC	systems	builds	on	the	case	studies	of	fan	coil	units	by	using	a	combination	of	estimation	and	measurement	methods	to	consider	the	relative	embodied	impacts	per	m2	of	net	internal	building	floor	area	for	each	system.		As	shown	in	Tables	5.2	and	5.5,	this	includes	data	from	experimental	measurements	of	component	mass,	manufacturers	bills	of	materials,	design	drawings,	BIM	models	and	published	environmental	product	declarations	(EPDs).	Each	generic	component	and	each	carbon	coefficient	is	allocated	an	equivalent	input	uncertainty	distribution	with	a	coefficient	of	variation	(CV)	of	10%	and	uncertainty	propagation	is	tested	using	MCS	against	AUP	for	scenarios	with	either	a	triangular	or	normal	probability	distribution	for	input	uncertainty.		The	key	features	of	the	four	HVAC	systems	are	summarised	in	Table	5.8	and	the	results	of	the	comparison	are	illustrated	in	Figure	5.17.		
Table 5-8: Key features of four HVAC systems studied 
Building Net internal area (m2) HVAC system type 
Building 1 3,863 Partially centralised, fan coil unit (FCU) 
Building 2 4,323 Locally distributed, variable refrigerant flow (VRF) 
Building 3 3,815 Locally distributed, variable refrigerant flow (VRF) 





















Table 5-9: Comparative results of uncertainty propagation on four HVAC systems 
Results with triangular probability distribution for mass m and carbon coefficient kR		 Building 1 - 
FCU system	 Building 2 - VRF system	 Building 3 - VRF system	 Building 4 - VAV system	
Mean embodied 
carbon/m2 NIA	 19.61 10.85 15.22 23.70 
SD (MCS)	 1.16 0.72 0.93 1.83 
SD (AUP)	 1.15 0.71 0.92 1.82 
CV (MCS)	 5.92% 6.60% 6.10% 7.74% 
CV (AUP) 5.88% 6.59% 6.07% 7.67% 
Results with normal probability distribution for mass m and carbon coefficient kR 
Mean embodied 
carbon/m2 NIA 
19.61 10.85 15.22 23.70 
SD (MCS) 1.16 0.72 0.93 1.82 
SD (AUP) 1.15 0.72 0.93 1.82 
CV (MCS) 5.89% 6.57% 6.10% 7.67% 













Table 5-10: Nominal value of embodied carbon of HVAC system in Building 1 
Component	 Raw 
material	 Total mass m for each 




(kg CO2e)	 EC per unit of floor area (kg CO2e/m2 
NIA)	
Air-cooled 
chiller	 Various	 5,660.0	 2.30	 13,018.0	 3.53	
Air handling 
units 
Various 5,653.0 2.21 12,493.13 3.39 
Condenser 
boiler 






6,848.70 1.54 10,547.0 3.25 
Fan coil units Various 5,523.17 2.87 15,830.52 4.30 
Linear 
diffusers 
Aluminium 1,315.70 9.16 3,942.20 3.27 
Pipework  Carbon steel 2,804.62 2.02 5665.39 1.54 		The	next	step	is	to	propagate	uncertainty	in	the	input	parameter	values	for	mass	




Table 5-11: Variance and standard deviation of EC estimate for Building 1 
Component  EC per unit of floor area 
(kg CO2e/m2 NIA) 
Variance 
(kg CO2e/m2 NIA) 
Air-cooled chiller 3.53 0.21 
Air handling units 3.39 0.21 
Condenser boiler 1.97 0.05 
Ductwork and attenuators 3.25 0.23 
Fan coil units 4.30 0.37 
Linear diffusers 3.27 0.002 
Pipework  1.54 0.25 
All components 19.61  
Descriptive statistics for HVAC 
system in Building 1 
  
Total variance (kg CO2e/m2 NIA)  1.32 
Standard deviation (kg CO2e/m2 NIA)  1.15 
Coefficient of variation (%)  5.87 	
5.5 Interpretation of findings 	This	section	considers	the	substantial	issues	arising	from	each	stage	of	the	LCA	study	in	the	context	of	the	goal	of	the	study,	followed	by	an	evaluation	of	the	methods	used.			





















Table 5-12: Sensitivity of results to choice of life cycle inventory database 
 Building 1 - 
FCU system 
Building 2 - 
VRF system 
Building 3 - 
VRF system 




(ICE database)  




16.8 8.46 9.77 21.71 
SD (AUP) - ICE 1.38 0.71 0.92 1.82 
CV (AUP) -ICE 7.04% 6.59% 6.07% 7.67% 
SD (AUP) -
Ecoinvent 
1.21 0.59 0.63 1.64 
CV (AUP) - 
Ecoinvent 





Figure 5-19: Comparison of mass and EC of four HVAC systems with uncertainty, 
using Ecoinvent 	







Figure 5-20: Decision-making flowchart for EC estimation method 
	




























6.2.3 Interview structure 	The	topic	guide	for	the	qualitative	interviews,	a	copy	of	which	is	provided	in	Appendix	5	consisted	of	six	complementary	sections.	A	section	on	possible	classification	and	definitions	of	air-conditioning	systems	was	followed	by	two	sections	on	design	decision-making,	the	first	considering	choice	of	system	and	the	second	on	the	sizing,	layout	and	specification	of	components	within	a	system	that	had	been	chosen.	The	last	two	sections	dealt	respectively	with	reducing	embodied	carbon	and	possible	user	requirements	for	an	embodied	carbon	estimation	tool	for	HVAC	systems.	The	sequence	of	topics	was	designed	to	elicit	the	participants’	own	understanding	of	the	design	decision-making	process	and	reasons	why	particular	options	were	chosen.	Subsequent	questions	considered	how	these	decisions	might	affect	embodied	carbon	and	whether	embodied	carbon	might	be	considered	explicitly	during	the	decision-making	process.		













6.4 Main findings 
	





















Table 6-1: Findings of BRE survey on air-conditioning systems used in UK office 
buildings (Abela et al, 2016) 









Split or multi-split system (multi-split 
includes VRF/VRV systems) 
127 86,923 684 
Fan coil systems 37 98,343 2,658 
Single-duct VAV 16 51,639 3,227 
Single room cooling systems 5 413 83 
Chilled ceilings or passive chilled 
beams and displacement ventilation 
4 44,368 11,092 
Constant volume (fixed fresh air rate) 4 14,603 3,651 
Indoor package cabinet (VAV) 2 2,206 1,103 
Induction system 2 7,936 3,968 
Dual duct VAV 1 10,628 10,628 
Terminal reheat (constant volume) 1 69 69 
Active chilled beams - - - 
Constant volume (variable fresh air rate) - - - 
Dual duct (constant volume) - - - 
Water loop heat pump - - - 




























































Table 6-2: Example of scoring template for HVAC option appraisal (AECOM, 2017) 
 Scores for HVAC system options 
(summarising rankings by the 
design team on a scale from 0 to 2, 
with the highest score representing 
the most beneficial) 
Parameters Option A Option B Option C 
Costs: 
• Capital costs 
• Operational costs 
• Plant-space requirements 
























Aesthetics 1 2 1 
Health, wellbeing, thermal comfort: 
• Indoor air quality 
• Acoustics 
• Audible privacy 
• Draughts 
























• Energy in use 


















Technical performance, flexibility 
• Capacity 
• Controllability/adjustability 
• Temperature control-band 


























































been	driven	by	weight...	and	also	space’	(Participant E, 18 years in industry).	
 The	responses	suggest	that	decisions	on	sizing,	layout	and	raw	material	choice	by	HVAC	designers	are	not	normally	driven	by	material	resource	efficiency,	although	some	decisions	made	for	other	reasons	can	have	outcomes	that	either	use	fewer	raw	materials	or	materials	that	have	less	embodied	carbon	than	would	be	the	case	with	a	conventional	alternative.	There	are	secondary	challenges	on	raw	materials	and	layout,	in	that	that	building	services	contractors	have	some	flexibility	in	procuring	products	to	meet	a	design	specification	and	in	altering	the	spatial	layout	of	services	as	drawn	or	modelled	by	the	designer.	However,	the	focus	of	the	current	study	is	on	the	role	of	the	designer,	whose	influence	remains	significant	as	the	person	or	team	producing	the	mechanical	services	specification	and	layout	within	the	building	design.		










































Table 6-3: Views of participants on user requirements for HVAC selection tool 
Participa
nt 
Format of tool 
required 
Type of data 
required 
Likely audience Incentives 
needed 
A N/A Embodied carbon 









N/A BREEAM or 
LEED assessors 
BREEAM or 
LEED credits to 
promote EC 
C A look-up guide 
with a decision 
chart 

















EC and operational 
performance data for 







Publicity and a 
policy incentive, 
like BREEAM, 
Part L or the 
BCO guide 
G A plug-in to 
existing design 
software like IES 













A section in the 
project 
specification 
I N/A EC data N/A BREEAM 
credits, building 
regulations 
J Incorporation into 
CIBSE or BSRIA 
guides 
N/A Mainly MSEs Promotion by 
industry bodies   
K Either a table or 
software 
Both EC and OC 






promotion   
L N/A High level EC 







M Accessible, and 
with eventual 
inclusion in BIM 
High level EC 







O BIM model and 
web-based 
database 










P A system 
compatible with 
SBEM / ‘Part L’ 
N/A Mainly MSEs A legislative 
requirement to 
measure EC 
Q A quick reference 
guide, ‘like CIBSE 
Guide F’ with 
look-up tables 
EC data on HVAC 


























































6.5.2.3 Status quo bias 	As	indicated	in	section	6.4.2.5,	participants	see	‘standard	practice’	as	the	main	influence	on	the	choice	of	raw	materials	used	in	building	services.	Thus,	‘the	
safest	position’	for	participants	is	‘to	design	the	traditional’	(Participant	L,	10	years	in	industry)	rather	than	to	specify	components	made	from	alternative	materials	with	lower	embodied	carbon.	The	influence	of	standard	practice	may	be	explained	by	‘status	quo	bias’	(SQB),	or	‘people’s	observed	reluctance	to	change	the	status	quo	without	good	reason’	(Beach	and	Connolly,	p107).	SQB	has	been	used	in	research	literature	to	explain	the	reluctance	of	building	design	teams	to	adopt	non-traditional	approaches	to	promote	energy	efficiency	(Klotz,	2011).		Examples	of	measures	to	address	status	quo	bias	in	choice	architecture	include	the	award	of	credits	for	green	design	activities	that	depart	from	the	status	quo	(Shealy	and	Klotz,	2015).		This	is	supported	by	the	suggestions	of	participants	in	this	study	for	BREEAM	credits	and	other	incentives	outlined	in	Table	6.3	to	encourage	the	use	of	an	embodied	carbon	tool	for	HVAC	systems.		

























Table 7-1: Business analysis methodology 
Business analysis 
process  (Paul et al, 
2014) 
Examples of techniques 
(Paul et al, 2014) 
Equivalent processes in ISO 




Interviews, surveys, mind 
maps 





Stakeholder identification and 
analysis 
Business activity modelling 
Stakeholder needs and 
requirements definition 
3. Analyse needs 
 
Gap or activity analysis 
Business process modelling 
4. Evaluate options 
 





Business process modelling 
Requirements elicitation 



























Table 7-2: Main functional requirements of system 
Data input requirements Data processing 
requirements 
Data output requirements 
Selection of type of estimate 
from menu - HVAC system 
level or bespoke. 
 
Input of amount of floor 
space to be served in m2 of 
net internal area (NIA). 
 
Selection of HVAC system 
type from preset list of 
options. 
 
Selection and sizing of 
HVAC component type from 
preset list of options. 
 
Calculation of EC impact of 
HVAC system based on 
preset inputs (nominal value 
and measure of dispersion) 
for component masses and 
carbon intensities and net 
floor space served. 
 
 
Calculation of EC impact of 
modified or bespoke HVAC 
design based on selected 
component sizes, types and 
preset inputs (nominal value 
and measure of dispersion) 
for component masses and 
carbon intensities. 
Display of embodied carbon 
values and uncertainty 
range for selected HVAC 
system (in kg CO2e total or 
kg CO2e /m2 of NIA). 
 
Display of embodied carbon 
values and uncertainty 
range for selected bespoke 
option(s) (in kg CO2e total or 
kg CO2e /m2 of NIA). 
 






Figure 7-2: Business process model of proposed system 
 The	data	processing	tasks	shown	in	the	bottom	half	of	Figure	7.2	are	implemented	in	a	way	that	is	demonstrated	by	the	worked	example	in	the	next	section.		A	key	implication	of	supporting	bespoke	design	choices	and	uncertainty	propagation	is	that	the	proposed	system	must	be	an	automated	tool	rather	than	a	manual	look-up	guide.	This	is	because	the	complexity	of	calculations	and	range	of	possible	results	would	be	too	great	to	encompass	in	a	manual	guide.		The	decision	to	design	the	specification	to	support	an	electronic	solution	is	therefore	an	outcome	of	the	‘evaluate	options’	process	of	the	five-step	business	analysis.				














kT	and	manufacturing	kMF,	plus	or	minus	the	error	term	U.		 ECLML = ∑ [123]	5678 + ∑ [12:] +	5678 ∑ [12;<]	5678 ± >          	











































8 Discussion and conclusions 	
8.1 Introduction 	This	chapter	begins	by	reviewing	the	research	problem	addressed	by	this	study	.	The	implications	of	the	findings	for	established	theory	and	methodology	are	then	discussed	in	relation	to	the	primary	topic,	the	embodied	carbon	estimation	method	incorporating	uncertainty	analysis	and	the	secondary	topic,	the	analysis	of	decision-making	in	HVAC	design.	After	this	the	implications	for	practice	are	discussed.	Finally,	the	contributions	to	knowledge	are	summarised.		




8.3 Implications of findings for theory and methodology 	This	section	reviews	the	theoretical	and	methodological	aspects	of	the	two	main	areas	in	which	contributions	have	been	made	to	knowledge,	which	are	the	embodied	carbon	estimation	method	and	the	analysis	of	decision-making	in	HVAC	design.		
8.3.1 Embodied carbon estimation  	The	estimation	method	developed	in	this	study	addresses	a	number	of	theoretical	and	methodological	challenges	identified	from	our	analysis	of	previous	research	literature	on	embodied	carbon	(EC)	analysis	of	the	built	environment.		The	first	challenge	is	that	building	services	systems	are	omitted	from	many	LCA	and	EC	studies	of	buildings	owing	to	data	gaps,	as	discussed	earlier	in	sections	2.5.3,	2.5.4	and	2.5.6.	The	second	challenge	is	the	variability	of	methods	possible	within	life	cycle	assessment	(LCA)	standards,	a	factor	contributing	to	the	uncertainty	of	reported	embodied	carbon	values	between	research	studies,	as	discussed	in	sections	2.5.2	and	2.6.2.		The	third	challenge	is	that	EC	studies	of	buildings	have	been	mainly	deterministic	in	that	they	do	not	explicitly	consider	uncertainty,	as	discussed	in	section	2.6.2.	The	fourth	challenge	is	a	lack	of	guidance	on	achieving	a	balance	between	uncertainty	reduction	and	uncertainty	analysis,	as	discussed	in	section	2.6.1.		
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8.3.1.1 An estimation method focused on building services 	The	first	challenge	relates	to	a	lack	of	available	life	cycle	inventory	(LCI)	data,	LCA	studies	and	environmental	product	declarations	(EPDs)	on	most	building	services	components	and	systems.	The	focus	of	the	present	study	on	a	major	category	of	building	services	used	in	office	buildings,	HVAC	systems,	directly	addresses	this	challenge	with	the	development	of	a	transparent	method	by	which	EC	of	generic	HVAC	systems	and	components	can	be	estimated	based	on	knowledge	of	input	parameters.	As	discussed	earlier	in	section	2.5.6,	other	parametric	studies	of	embodied	carbon	in	buildings	have	not	offered	sufficient	transparency	on	the	inventory	calculations	used	for	building	services	systems	to	enable	the	methods	to	be	tested	elsewhere.		The	second	challenge	concerns	the	contributory	role	of	variations	in	methodologies	adopted	between	research	studies	towards	model	and/or	scenario	uncertainty.	To	some	extent,	this	issue	is	being	addressed	by	recent	research	aimed	at	greater	harmonisation	of	methodology	(Birgisdottir	et	al,	2017).	This	study	supports	harmonisation	by	offering	an	estimation	method	that	is	transparent	and	reliable	in	that	it	can	be	replicated	elsewhere.		








Figure 8-1: Uncertainty of estimated EC for 30 office buildings (AECOM, 2012) 
 




8.3.1.4 Breaking down parameter uncertainty 	The	treatment	of	uncertainty	in	LCA	studies	by	strategies	of	reduction	and	inclusion	was	discussed	earlier	in	section	2.6.1.		Whilst	it	has	been	argued	that	of	these,	only	inclusion	via	uncertainty	analysis	represents	a	formal	approach	(Beltran	et	al,	2018),	the	findings	of	this	study	indicate	that	uncertainty	reduction	is	also	a	necessary	part	of	LCA	and	EC	studies	of	buildings,	which	at	best	can	mitigate	the	risks	of	deterministic	estimation.		While	uncertainty	reduction	via	LCA	standards	or	data	quality	matrices	included	in	LCI	databases	may	be	unavoidable	in	embodied	carbon	studies	of	buildings,	to	achieve	a	balance	between	uncertainty	reduction	by	empirical	measurement	and	uncertainty	inclusion	using	uncertainty	analysis	is	not	straightforward.		If,	following	Walker	(2003)	and	Kwakkel	et	al	(2010),	uncertainty	is	defined	by	its	‘nature’,	its	‘level’	and	its	‘location’,	the	nature	of	uncertainty	is	seen	as	a	spectrum	ranging	from	(a)	ontic	uncertainty,	or	inherent	randomness,	to	(b)	epistemic	uncertainty	associated	with	a	lack	of	knowledge;	and	(c)	uncertainty	associated	with	ambiguity	arising	from	multiple	frames	of	reference.	Of	these	types	of	uncertainty,	it	is	argued	by	Kwakkel	et	al	(2010)	that	only	epistemic	uncertainty	can	be	reduced	by	additional	measurement,	although	Morgan	and	Henrion	(1990)	also	note	that	some	variations	observed	in	a	quantity	may	appear	inherently	random	because	the	pattern	or	model	that	might	explain	them	is	not	yet	known.	Either	way,	probabilistic	methods	of	uncertainty	analysis	can	
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be	used	on	parameter	uncertainty	that	is	either	ontic	or	epistemic,	provided	that	the	level	of	uncertainty	is	‘statistical’	or	‘shallow’,	meaning	it	can	be	measured	quantitatively	on	a	ratio	scale	(Walker,	2003,	Kwakkel	et	al,	2010).		This	can	be	illustrated	by	equation	7.1	from	the	previous	chapter.		 EC.. = ∑ [123]	5678 + ∑ [12:] +	5678 ∑ [12;<]	5678 ± >          	
   (Equation	7.1)		In	equation	7.1,	the	error	term	U	represents	two	standard	deviations	about	the	estimated	value	of	product	stage	embodied	carbon	for	a	composite	component	ECcc,	which	in	turn	is	defined	as	the	sum	of	the	product	of	raw	material	masses	m	and	embodied	carbon	coefficients	k	for	raw	material	extraction	kR,	transport	kT	and	manufacturing	kMF.	If	uncertainty	propagation	is	used	to	quantify	a	value	for	
U,	as	is	the	case	in	this	study,	uncertainty	reduction	by	empirical	measurement	might	lower	the	value	of	U	by	removing	a	part	of	U	associated	with	a	lack	of	knowledge.	However,	to	measure	the	impact	of	such	a	reduction	meaningfully	also	requires	the	use	of	uncertainty	propagation,	as	the	following	example	will	show.		







Table 8-1: Examples of uncertainty analysis and uncertainty reduction 
Type of variations	 Values found	 Possible explanations Strategy	
1. Variation between EC 
impacts of alternative types 
of HVAC system meeting 
the same functional 
equivalent criteria. 
EC per m2 of the 
VAV system is 1.2-
2.2 times more than 
that of the FCU and 
VRF systems. 
The VAV system is an 
all-air system with 2.9-
4.6 times more ductwork 
per m2 than the FCU 












2. Variation between EC 
impacts per m2 of the same 
type of HVAC system in 
two buildings due to 
different choices of 
equivalent products. 
EC per m2 of VRF 
system in building 3 
exceeds that of the 
VRF system in 
building 2 by 40%. 
Air diffusers used in 
building 3 have 3.4 
times more EC than 
those in building 2 due 
to higher aluminum 
content. 
3. Variation between EC 
impacts per m2 of 
alternative designs of the 
same HVAC system due to 
differences in spatial layout 
of each design. 
Variations of up to 





Inherent variability exists 
between designers in 
the material efficiency of 





















4. Variation between EC 
impacts per m2 of the same 
type of HVAC system 
designed for two buildings 
that differ in spatial layout 
or sizing.  
EC per m2 of the 
VRF system in 
building 3 exceeds 
that of the VRF 
system in building 2 
by 35%. 
Building 3 has 12% less 
floor space than building 
2, so fewer economies 
of scale are possible in 
equipment sizing. 
5. Variations between EC 
impacts of alternative fan 
coil units of similar 
technical type, by size  
and rated power and by 
manufacturer. 
EC per kg varies 
over size range by 
up to 4%. Mass 
varies by 35% 
between 
manufacturers. 
Mass and rated power 
are the main 
determinants of EC for 
fan coil units. 
6. Variations between EC 
impacts of component data 
from manufacturers’ bills of 
materials and that 
measured experimentally 
by tear-down analysis. 
Fan coil unit mass 
measured by tear-
down analysis is 
6.3% above value 
in manufacturer’s 
bill of materials. 
Inherent variations exist 
between manufacturers’ 
data and ‘real’ mass of 
raw materials within 
components.  
7. Variations between EC 
impacts of products 
associated with material 
waste in manufacturing. 
EC per kg of fan 
coil unit varies by 
up to 12.6%. 
Waste from steel casing 




rate for all 
FCUs. 
8. Variations between EC 
impacts of HVAC 
components specified by 
designer and those 
installed by contractor. 
Extent of variation 
not yet measured. 
Alterations often made 
to designed quantities 





















8.4 Implications of findings for practice 
 This	section	reviews	the	implications	of	the	findings	for	practical	knowledge	on	embodied	carbon	reduction,	building	information	modelling	(BIM)	and	building	services	design.		













8.5 Summary of contributions to knowledge 	The	main	contributions	to	knowledge	are	summarised	as	follows:		





























































8.6.5 Limitations of the study 	This	section	considers	limitations	that	may	influence	the	extent	to	which	findings	have	been	able	to	address	the	research	questions,	either	due	to	the	choice	of	research	design	or	to	practical	issues	arising	in	collection	of	data.		A	brief	discussion	follows	on	alternative	methods	that	might	have	been	used	to	address	key	research	questions	and	their	possible	implications.		






















































































































































































































































Appendix 1: RIBA Plan of Work (RIBA, 2013) 
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Interviewee Job role Areas of expertise Years of 
experience 










C Regional director Building services engineering 26 
D Regional director Building services engineering 25 









Building services engineering 14 
H Regional director Building information modelling 12 
I Head of 
sustainability  
Sustainability and embodied carbon from 




Sustainability and embodied carbon from 



















Table A.2: Findings of scoping interviews on resource efficiency of building services 
 
Topic Summary of responses 
Source and timing of 
decisions on resource 
efficiency of building 
services systems 
Client priorities are key, as is cost and rules of thumb in 
system design and choice of components. Contract 
specification of building services also relevant. Key decisions 
start early during the design stages, i.e. during concept 
design or earlier. 
Stakeholders involved in 
decisions 
Decisions are usually collaborative, with key roles for client, 
building services engineer and main contractor. Also designer 
for base build and fit-out, subcontractors for mechanical and 
electrical (M&E) service installation and supply, demolition 
and disposal. For re-use market, engineers and 
remanufacturers. 
How decisions are 
implemented  
Depends on project brief, priorities of stakeholders, 
awareness of resource efficiency options, level of integration 
between stakeholders. 
Data and tools to support 
decisions 
Some demand from clients to measure embodied impacts of 
building services, but limited data. Inclusion of embodied 
values in standard building services contract specification 
would help resource efficient option choice. Decision making 
tools must be simple to use at design stage and measure 
building services impacts including their interactions with 
building fabric. 
Barriers & opportunities - 
reducing material 
consumption  
Barriers: No big driver unless clients requests it. Risk of 
specification being too prescriptive, autonomy of contractor to 
select equipment. Plausible reasons exist to oversize or over-
specify equipment. Sizing of equipment led by energy 
consumption rather than embodied content. Opportunities: If 
cost efficiency and performance can be maintained, lower 
mass or lower-impact substitute materials can be viable. 
Barriers & opportunities - 
reducing wastage 
Barriers: Some inconsistency in definitions of waste, lack of 
information on destination of building services waste. 
Opportunity: Data for embodied impacts can include a wider 
definition of waste, waste tracking can be trialed 
Barriers & opportunities - 
increase reuse/ recycled 
content 
Barriers: Quality concerns exist about used building services 
equipment, some parts not standardised. Opportunities: 
Some manufacturers already design for disassembly. 
Barriers & opportunities - 
products with low 
embodied carbon and 
water 
Barriers: Lack of data, substitution may be challenged by 
perceived quality of materials, product choice led by 
performance, need to mitigate risk and fact that engineer 
cannot specify kit in too much detail. Opportunities: Once data 
is available, client requirements often not prescriptive in 
specifying M&E kit, so scope for innovation exists. In 
reviewing projects, data can be compiled from LCA databases 
or calculated from bills of quantities, equipment suppliers 

























Appendix 4: Supplementary data on composite components 	This	section	provides	further	details,	in	Table	A4.1,	of	input	parameters	and	data	sources	used	for	the	composite	components	used	in	case	studies	of	HVAC	systems,	of	which	a	summary	was	given	in	Table	5.4.		
Table A4.1: Further details of input parameters and data sources for composite components 	
Component and percentages of 


















Source of data 
Air-cooled chiller with centrifugal 
compressor, 2 No * 400kW 
cooling capacity  1 
   
Mass, model type and cooling capacity obtained from 
contractor’s schedule of installed equipment. Bill of materials 
(BOM) estimated based on Riviere et al, 2012b, p62. 
Embodied carbon coefficients (ECCs) from Hammond & 
Jones (H&J), 2011. 
Galvanised steel - 80.16%  4537.06 1.54 6987.07 
Aluminium – 8.64%  489.02 9.16 4479.46 
Copper – 7.9%  447.14 2.71 1211.75 
PVC – 1.25%  70.75 3.1 219.33 
Polyethylene low density – 0.37%  20.94 2.08 43.56 
Brass – 0.32%  18.11 2.64 47.82 
Sub-total  5660 2.30 12,988.98 
Air-cooled chiller with centrifugal 
compressor, 1 No * 7760kW 
cooling capacity  4 32,428 2.30 74,683.46 
BOM and ECCs as above. Cooling capacity estimated using 
notional cooling load for offices of 87 W/m2 (BSRIA, 2011) * 
gross floor area * oversizing factor of 2. Total mass estimated 
proportionately to that of an EPD for a chiller of similar 
cooling capacity (Institut Bauen und Umwelt e.V., 2011). 			
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Table A4.1 continued 
 
Component and percentages of 











Source of data 
Air handling units, various sizes 
and specifications 1,2,3,4 
   
Mass from contractor’s schedule of installed equipment. 
BOM estimated based on Heikkila, 2008, p56. ECCs from 
H&J, 2011. 
Values for mass and EC shown here are for all 3 AHUs in 
Building 1. 
 
Raw material percentages and ECCs were assumed identical 
for all air handling units (AHUs) in Buildings 1-4.  
Galvanised steel – 60.9%  3481.98 1.54 5362.26 
Steel, hot rolled – 18.3%  1032.37 1.46 1507.26 
Aluminium – 10.2%  459.86 9.16 4212.30 
Glass fibre – 9.1%  513.52 1.54 790.82 
Copper – 1.2%  66.9 2.71 181.54 
Plastics, various – 1.1%  63.61 3.31 210.56 
Stainless steel – 0.7%  37.14 6.15 228.39 
Sub-total  5655.47 2.21 12493.13 
      
Modular condenser boiler,  








Mass from contractor’s schedule of installed equipment in 
Building 1. BOM estimated based on Kemna et al, 2007, p7 
and p12. ECCs from H&J, 2011. 
Cast iron – 64.1%  391.72 2.03 795.19 
Galvanised steel –31.25%  190.95 1.54 294.06 
Polypropylene plastic – 1.61%  9.85 3.96 39.00 
Rigid polyurethane – 1.29%  7.86 4.26 33.48 
Stainless steel - 0.78%  4.77 6.15 29.37 
Copper – 0.66%  4.01 2.71 10.87 
Polystyrene – 0.04%  0.23 3.43 0.80 
Sub-total  611.00 1.97 1202.76 						
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Table A4.1 continued 	
Component and percentages of 











Source of data 
Fan-assisted variable air volume 
(VAV) terminal units, various 
sizes.  4    
 
 
Values for mass and raw materials shown here are from 
experimental tear-down analysis of terminal unit in Building 4, 
for which total mass exceeded that listed in manufacturer’s 
product literature by 6.5%. Masses for other terminal units 
from contractor’s schedule of installed equipment and 
manufacturer’s product literature, with BOM assumed 
proportionate to that found by tear-down analysis. ECCs from 
H&J, 2011. 
Galvanised steel – 82.73%  66.06 1.54 101.74 
General steel – 8.08 %  6.45 1.46 9.42 
Copper – 3.4%  2.71 2.71 7.35 
Various plastics– 2.24%  1.79 3.31 5.92 
Various electrical components -
2.05%  1.63 2.00 3.27 
Sub-total     
      
VRF indoor terminal units, 
various sizes and specifications 2,3 
    
 
Raw materials estimated based on BOM for fan coil units of 
similar size due to similarity in technology. ECCs for raw 
material production, transport and manufacturing from H&J, 
2011 and DEFRA/DECC, 2015 as listed in Table 5.3 of this 
study, assuming a similar manufacturing scrap rate of 30% 
for galvanised steel and 10% for PUR foam. 
Galvanised steel – 74.47%     
Copper – 6.86%     
General steel – 6.47%     
Aluminium – 6.28%     
Polyurethane foam – 5.92%     
ECC for entire unit   2.75  
VRF rooftop condenser units, 
various sizes and specifications 2,3 







Data sources as above 
Galvanised steel – 66.87%     
General steel – 10.63%     
Aluminium – 8.58%     
Copper – 8.03%     
Polyurethane foam – 5.90%     




Appendix 5: Topic guide for qualitative study 	This	appendix	includes	a	sample	of	an	invitation	letter	for	participants	in	qualitative	interviews	and	the	topic	guide	used	as	a	basis	for	interviews.	For	question	2,	participants	were	shown	a	diagram	of	air	conditioning	systems	that	is	also	reproduced	in	Figure	6.1	of	this	thesis.	
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HVAC/air conditioning - Topic guide for semi-structured interviews 
 
Question topic [With notes] Theoretical relevance 
1. Personal details (not including name) / employer/ years of experience in industry / main area of work 
/how many office designs worked on 
 
2. Definition of systems  
• For a medium to large (over 1000m2) mechanically serviced office building in the UK designed within 
the last 10 years, what would you say are the five most common types of air-conditioning system 
used, based on the list in this diagram? Please any include systems, or combination of systems, not 
shown on the list. (participants are then shown the HVAC system diagram attached below) 
• In what order would you rank these systems, starting with the most common? 
Verifying / amending the 
proposed shortlist of systems 
by presenting a wide selection 
of systems in the reference 
diagram (attached below) 
3. Design decision-making - system choice 
In a medium to large office project, [either new build shell & core / Category A fit-out or refurbishment]:  
 
• Can you tell me about the decision to choose an air-conditioning system?  
• When and how is the decision made?  
• Who is involved in the decision and how much influence does each have? 
• What is the decision based on and what is your objective in that decision-making process? 
Identifying parties involved in 
choice, process, timing and 
determinants of choice and 
whether determinants are 
rational or otherwise 
• Can you describe the information typically available to [the designer] about the suitability of these 
systems [Exploring sources and whether adequate/equal information available about all systems]  
Whether ‘perfect’ choice of 
alternatives exists 
• Is there ever a situation in which more than one system is able to meet the project brief equally well? 
If so what happens?  
Whether choices are transitive 
4.  Design decision-making - sizing, layout and detailed specification 
Once one type of air conditioning system is chosen,  
 
• What factors influence the decisions on system (plant sizing and distribution layout?   [Exploring all 
factors including resource efficiency] 
Identifying whether rational or 
other criteria used and testing 
whether resource efficiency 
opportunities described in 
TM56 are understood/used 
 
• When specifying components [e.g. terminal units, ducts, pipes] what informs the choice of raw 
materials?   [Exploring whether this includes materials with lower environmental impacts / reused 
components / components with recycled content] 
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5. Reducing embodied carbon   
• Using the information available on a typical office project do you think that it is possible for designers 
to reduce material use or embodied carbon in air conditioning systems and components  – and if so, 
how?  
• On fit out or refurbishment jobs, what determines whether existing components are reused and how 
might reuse be increased? 
 
Exploring scope for resource 
efficiency with present 
information levels and testing 
whether RE opportunities 
described in TM56 are 
understood/used 
6. Proposed HVAC system selection guide/tool   
• If the value of embodied carbon of alternative air conditioning systems was available at early design 
stage: 
• What form would it need to be presented in?  
• What kind of information would be useful? 
• Who would the audience be for the information? 
• Would anything else be needed to encourage such a guide to be used? 
	
Informing development of the 
guide 
7 If project files were accessible, what key data would you find it useful to be able to access from each 
project?  
 			
